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FIELD OF THE INVENTION 

The present rnventlon rebtes to a repetitfve contrdler for suppressing perfodfc 
signals with half-wave symmetry (a perfodfc signal x(t) with a period T Is said to have a half- 
wave symmetry ff ft holds that x(J:+T/2) = .x(t) , whatever t). 

BACKGROUND OP THE INVENTION 

Repetitive control, also known as iterative learning control, is a very effective 
control strat^y In the numerous control applications where input reference signals or 
disturbances are pertodic and their periods are known, for Instance In control systems that 
suffer from palodic disturbances (e.g. optical or magnetic disc drives, or steel milling 
machines) or have to perfbmn the same task repeatedly (robots, pick and place 
machines,.^). Such a strategy Is Illustrated In many documents and ibr example In 
"Repetitive control Ibr systems with -uncertain period-time"; by M. Stelnbuch, Automatica, In 
Press, September 4, 2002, pp 1-7. The simplest Implementation of a repetitive controller, 
illustrated in Rg.l, baskally comprises a FIFO (Rrst-In-Flrst-Out) memory buffer wfth N 
memory elements, captured fnsfde a positive feedback loop where N times the sampling time 
Ts is equal to ttie lijndamental period of the periodic disturbance (in practice, a repetitive 
controller also contains a fifter for stabilization, but It Is not relevant ftor the Invention that 
will be described). 

Sudi a buffer insWe a loop (also called memory loop) can be considered as an 
autonomous perlodfc signal generator. A drawback of using a memory loop as asignal 
generator Is that In some cases. It requires a large amount of memory. Depending on the 
sampling time Ts and the signal period T, the number N of memory places can become 
laige. Two types of solutions have then been proposed for replacing the memoiy loop with N 
memory elements by a perlodk: signal generator that requires less memory. The firet one 
consists In applying a dovwisampling. I.e. using a larger sampling fim^ thereby reducing the 
number of required memory elements, but the main drawback of such a soluHbn IS that the 
conttol bandwidth is reduced. The second solution consists in applying a series or parallel 
connection of as many sinusoidal signal generators as Jiecessary to deal with all the 
harmonic components present In the periodic signal, only two states or memory elements 
being required for each generator. The drawback of this approach Is that the complexity of 
ImplementaUon \s large when compared to the classical memory loop. 

SUMMARY OP THE INVENTION 

It is ther^re an object of the Invention to propose a much more simple 
implementation of repetitive controller. 
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To this end, the fnventton relates to a repetitive controller having the form of a 
memory loop fed with a periodic signal of period NT and In which the memory size Includes 
N/2 memory elements, the fieedbadc connection Is negative and a factor of 72 fs provided at 
the output of the memory loop. 

This structure, which requires only half of the memory with respect to the 
previous solution, has however the same control bandwidth as said previous solution and Is 
very simple to implement. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The Invention will now be described in a more detailed manner, with reference 
to the accompanying drawings in which : 

- Rg.l shows a block diagram of a standanj memory loop ; 

- Rg.2 shows an ed^mple of implementation of a repetitive controller according 
to the invention ; 

- Rg.3 shows curves allowing to compare the respore^ of a classical memory 
loop and the proposed simplified memory loop to a pure sinusoid ; 

- Rgs 4 to 6 show amplitude plots, respecbvely for the classical memory loop, 
for the proposed loop, and for the complement of the latter ; 

- Rg.7 shows, in the case of a mobile control problem, one period of a typical 
reference trajectory. 

DETAILED DESCRIPTCON OF THE INVENTION 

As illustrated In Rg.2; the classical memory loop is now replaced by a simplified 
memory loop In which : 

- the memory size has been halved (It Includes only N/2 memory elements); 

- the feedback Is negative instead of positive ; 

- a factor (-1/2) is Included at the output of the loop in order to adjust the gain 
' and phase of the output signal (so that tiie proposed loop matches tfie gain and phase of a 

classical memory loop). 

As shown in Rg.3 giving the response of a classical memory loop to a pure 
sinusoid (dotted line) compared to that of the proposed simplified memor/ loop (solid line). 
It is clear that; when a sinusoid of period NTs b fed Into tills loop, Oie output of the device 
responds In a manner which Is very similar to the output of tfie classical memory loop (It Is- 
obviously required Uiat N Is even, which is true In most practical case); 

The mathematical point of view can be useful to better understand the 
Invention. The transfer function of a dasslral memory loop Is equal to : 
2*N 



This transfer function (1) can be split up as follows : 
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The right term of the right sfde of the expression (2) represents the new memonr faop, while 
the complementing left term represents an alternative embodiment of a repetftlve controller 
that can be used to deal with periodic signals that completely lack half-wave symmetry. 
When looking at the amplitude plot of the two terms (Rg.4), it is dear that the right term 
has infinite gain peaks at the odd harmonic frequencies, while the complement has inflnHE 
gain peaks at the even harmonic frequencies. 

So, from a mathematical point of view, the proposed memory loop can be seen 
as one half part of a dasskal memory loop : the half that deals with the odd harmonics of 
the dislurt)anoe signal. TWs feature of splitting up the memory loop in a smaller one can be 
carried on further if N Is a power of 2, the memory loop being then split up In smaller 
memory loops. 

Rm- example, the next stage In sudi a decomposition is as follows : 

l-Z-N ~2(2l.z-W4 ■"2 1+Z-W4 J~2 
The dasskal memory loop can for Instance be appix»*nated by : 

~ 4 i+z-W4 ~ 2 1+Z^ ^'^^ 

or: 

i Z''^'* 1 Z'^f^ 
4 i-Z"*"* ~2 i + Z""^ 

which both require memory loops with a tsotal of 3N/4 memory elements, instead of the full 
N ones (the left approximation suppresses the odd hamionics plus the 2"'', 6* lO"*,... while 
the right apprt»dma«on suppresses the odd harmonics plus the O"*, 4* 8\.,). 

The strudure according to the invention has however a llmitabon : it only 
. suppresses periodic signals that have a halNwave symmetry (in other vrards, it only 
suppresses the odd hamionlcs of the periodic signal). This limltatton Is however not so large 
because In many applications the periodk: signal bo be suppressed has indeed a half-wave • 
symmetry. Forinstance, in optic and magnetfc disc storage, the dominant disturt)ance is a 
pure sinusoid that is caused by the eccentricity of the trade of the recording medium and Is 
peri'ectly rqeded if the technical solution accorxling to the invention is used. Also in the case 
of pick-and-place medianlsms, for example, the requir«l task often has a half-wave 
symmetry. 

Ofavfously, the memory loop according to the invention can be used as a 
repetitive contrdller in a recoixfing and reprodudng apparatus Induding a head fbrrccording 
data on a recording medium or reprodudng the recorded data from said recording medium 
and a drive.servo system forsald reoorxling medium. Saki system comprises, for 
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compensating for the ecoentricRy of the recording medium, a disturbance compensation 
module usfng Iteratfve (earning controi and itself comprising a repetitive controller In the 
fomi of a memor/ loop fed with a periodic signal of period iyiT. As said above. In this memory 
loop, the memory size includes M/2 memory elements, the fieedback connection Is negative 
and a factor of -V2 Is provided at the output of the memory loop. 

It has been seen above that the proposed controller preferably worlcs for 
periodic signals with half-wave symmetry. However, if the disturbance signal also contains a 
dominant component at an even harmonic frequency (e.g. the 2"^), said controller can be 
augmented with an appropriate sinusoidal signal generator. In order to deal with this 
particular frequency component This adds only two states - or menusry elements - to the 
controller, and the reduction of required memory with respect to a classical repetitive 
controller Is sdll significant, espedally if N Is large. 

Another Important benefit of the proposed controller is that the controi gain can 
be made twice as large as the gain of a classical repetitive controller, while Iceeping the 
same level of stability robustness. More precisely, the gain should be kept between 0 and 2 
for the classical controller and between 0 and 4 for the new one, which means that the 
speed of convergence of the new controller can be doubled (without sacrificing robustness) 
compared to the classical one. In optical or magnetic disc recording, for instance, this means 
that the wait time before reading/recording can start can be in principle reduced, which 
enhances the performance of the drive. 

In iterative learning controi applications (such as pick-and-place madiines or 
other motion control syst^s that have to carry out a task repeatedly, e.g. wafer stepping 
systems as used In integrated circuits manufacturing), this means also that the number of 
required learning cycles can be reduced. In those control problems, the r^erence signals 
almost always are half-wave symmetric, for the following reason. A motion In one direction is 
usually followed by an equal motion in the opposite direction, and tiiese motions are very 
often each other's ekact mirror image. Usually, some filtered bang-bang profile has to be 
followed, which obviously is half-wave symmetric, except for a DC or ramp component. This 
feature had never been exploited. The enclosed Fig.7 shows, fora mobile controi problem, a 
picture of one period of a typical reference trajectory, which is half-wave symmetric 
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CLAIMS: 

L A repetitive controller having the form of a memory loop fed with a periodic 

signal of period NT and in which the memory size Includes IM/2 memory elements, the 
feedback connection is negative and a lactor of -Vi is provided at the output of the memory 
loop. 

2. In a recording and reproducing apparatus including a head for recording data 

on a recording medium or reprodudng the recorded data from said recording medium, a 
drive servo system for said recording medium, said system comprising a dlsturtiance 
compensation module for compensating for the eccentricity of the recording medium, said 
module using iterative learning control and Itself comprising a repetitive controller In the 
font! of a memory loop fed with a periodic signal of period fTT and In which the memory size 
Includes N/2 memory elements, the feedback connection is negative and a fector of -% Is 
provided at the output of the m»tiory loop. 



6 , 

PHNL021449 

Abstract 

The invention generally relates to the field of repetitive controllers for 
suppressing perfodlc signals with half-wave symmetnr and, mo,^ spedfTcalfy, to a rep^tfve 
controller having the fom, of a memoir loop fed with a periodic signal of period KTand in 
Which the memory sbe Includes N/2 memory elements, the feedback connection is negative 
and a fector of Is provided at.the output of the memoo' toop. Such a repetitive controller 
may be used for Instance In the disturbance compensation module of a drive sen/o system In 
a recording and reproducing apparatus Including a head for recording data on a recorxiina 
medium. " 
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